INTRODUCTION
The Environment can be viewed as a natural infrastructure that supports life on Earth. When we think of "traditional" infrastructure, we typically think of large scale, physical resources or facilities made by humans for public consumption-for example, roads systems and telephone networks. These resources play an incredibly important role in society and generate substantial social value by serving as shared means to many ends: infrastructure resources enable, frame, and support a wide range of human activities and generally are accessible to all members of a community' who wish to use the resources on nondiscriminatory terms, though such use is not necessarily free. The natural environment plays a similar functional role to traditional infrastructure. It functions instrumentally as an essential input into a wide range of human and natural goods and services, including "agricultural output, human health, recreation, and more amorphous goods such as quality of life," 2 as well as "purification of air and water, detoxification and decomposition of wastes, regulation of climate, regeneration of soil fertility, and production and maintenance of biodiversity. ' 3 In previous work (and a book in progress), 4 I develop a theoretical account of infrastructure resources. The account is grounded in economics but differs from conventional economic analyses in that it focuses extensively on demandside considerations and explores, from a functional perspective, how 5. The arguments for and against commons management are complex and not easily summarized in short form, but the basic idea is that managing certain infrastructure as a commons may eliminate the need to rely on either market actors or the government to "pick winners" among downstream uses or users. See id. at 937, 978, 988-89 & n.271, 1016. 6. For a short summary, see Brett M. 
INFRASTRUCTURE THEORY
Infrastructure constitutes an important class of resources for which society values common public access. 7 Of course, not all infrastructure resources are or should be managed as commons; the economic arguments for managing infrastructure as commons vary in strength and substance based on the resource in question and the various human and natural systems it supports. Though a simplification, one can appreciate the issue by understanding that managing infrastructure as commons potentially gives rise to both social harm via the "tragedy of the commons" and social benefit via the "comedy of the commons," and thus the case for commons often depends upon the context. 8 Moreover, since complex "semicommons" regimes may support management strategies that aim to avoid tragedy and sustain comedy, it may be more helpful to identify functional relationships between infrastructure resources and management regimes. This Part offers a brief introduction to my prior work on infrastructure. It is divided into three sections. Subpart A describes three criteria that delineate infrastructural resources; essentially, the criteria define a set a resources that I refer to as "infrastructure" because of the functional role the resources play and the manner in which the resources generate value. Subpart B explains how markets may fail in managing infrastructure resources. Subpart C explains why commons management may be attractive. The points made in these subparts are abbreviated and developed further in Part II (and in considerably more detail elsewhere).
A. Defining Infrastructure
Infrastructure resources often satisfy the following criteria, each of which I explain briefly below:
(1) The resource may be consumed nonrivalrously; (2) Social demand for the resource is driven primarily by downstream productive activities that require the resource as an input; and (3)
The resource is used as an input into the production of a wide range of goods and services, including private, public and/or nonmarket goods.
7. Why? There are a number of approaches one could take to answering the question. There are certainly strong distributional considerations. My approach has been to work within an economic framework with a deliberate focus on the demand side because I believe there is important work to be done there. That said, I think that there are strong complementary arguments not rooted in economics that further support a societal commitment to managing infrastructure as commons; I hope to explore these arguments in the future and certainly encourage others to do so as well.
8. See Garrett Hardin, The Tragedy of the Commons, 162 SCIENCE 1243 (1968 ; Carol Rose, The Comedy of the Commons: Custom, Commerce, and Inherently Public Property, 53 U. CHI. L. REv. 711 (1986) . A myopic focus on the tragedy of the commons and the potential for negative externalities may ignore the comedy of the commons and the potential for positive externalities. See Frischmann, supra note 4.
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The first criterion captures the consumption attribute of nonrivalrous and partially (non)rivalrous goods. In short, this characteristic describes the sharable, nondepletable nature of infrastructure resources. Infrastructures are sharable in the sense that the resources can be accessed and used concurrently by multiple users for multiple uses. They are nondepletable where consumption by one user does not reduce the quantity available for other users. The quintessential example of a nonrivalrous resource is an idea, which can be possessed, shared, and used widely without additional cost for additional users.
9 Put in economic terms, rivalrousness of consumption is a function of the marginal cost of allowing an additional person to consume a good. When this marginal cost is. zero, consumption is nonrivalrous.
Resources do not necessarily have a single degree of rivalrousness. Instead, many infrastructure resources, including most environmental infrastructure, are partially (non)rival, which means that the degree and rate of rivalry may vary. 1 0 As I explained in earlier work:
Whether these resources are consumed nonrivalrously or rivalrously often depends on other conditions, such as how the resource is managed, the number of users, and the available capacity. I refer to these resources as partially (non)rival goods because they can be managed in a way that avoids rivalrous consumption. To beclear, this concept focuses on how one user's consumption directly affects another user's, not on how production costs are distributed among users. Consider a resource with finite, sharable capacity, such as a lake or computer network. Up to a point, the marginal costs of allowing an additional user to access and use the resource are zero; beyond that point, the marginal costs become positive and increase with each additional user.I1 This also means that, depending on how partially (non)rival resources are managed, the resources may in fact be subject to depletion. Critically, as discussed below, environmental infrastructure are not necessarily doomed to rivalrous consumption and depletion.12 9. On the public good nature of ideas, see Frischmann & Lemley, supra note 6, and the many sources cited therein.
10. 1 discuss this in more detail in Parts II and Ill infra. For a more general discussion, see Frischmann, supra note 4, at 951-52. Some economists would argue that only ideas are nonrivalrously consumed and all other resources are rivalrously consumed. See Charles I. Jones, Growth and Ideas, in I B HANDBOOK OF ECONOMIC GROWTH 1063 (Philippe Aghion & Steven N. Durlauf eds., 2005). Moreover, "I recognize that this terminology is a bit unusual in the sense that most economists would not characterize precongestion consumption as nonrivalrous. Instead, they would view consumption as depletion of the fixed capacity available and thus as rivalrous. As I see it, temporary depletion of renewable capacity that does not cause any congestion externalities is not strictly rivalrous." Frischmann, supra note 4, at 952. If one insists on calling such consumption rivalrous, we might label it "irrelevant rivalrousness." Cf James M. Buchanan & William Craig Stubblebine, Externality, 29 ECONOMICA 371 (1962) (discussing irrelevant externalities).
11. Frischmann, supra note 4, at 951. 12. See infra text accompanying note 52 (contrasting rival natural resources like oil with partially (non)rival resources like the atmosphere).
The second and third criteria focus on the manner in which infrastructure resources create social value. The second criterion emphasizes that infrastructure resources are inputs that create social value when utilized productively (rather than passively consumed). The third criterion emphasizes both the variance of productive uses or downstream outputs (the genericness of the input) and the nature of those outputs (particularly, public goods and nonmarket goods). The reason for emphasizing variance and the production of public goods and nonmarket goods is that when these criteria are satisfied, the social value created by allowing additional users to access and use the resource may be substantial but extremely difficult to measure or capture in market transactions because of the prevalence of spillovers (positive externalities). 13 Since introducing these criteria, I have found that people often focus on one or two and forget that all three work together to delineate a set of infrastructural resources. So let me briefly explain how they relate to each other because, in my view, all three are necessary. The first criterion isolates those resources that are potentially sharable at low (or at least manageable) marginal cost and the latter criteria further narrow the set to those resources that are more likely to give rise to an assortment of demand-side market failures associated with externalities, high transaction and information costs, and path dependency. 14 
B. Markets May Fail to Meet Societal Demand for Infrastructure
Infrastructure market failures can be two-sided and dynamic when spillovers are prevalent. 15 On the supply side, private property owners are not necessarily optimal suppliers of infrastructure because they have an incentive to investigate and support only those uses that generate observable and appropriable private returns, which may or may not be the uses with the greatest social value. On the demand side, users are not necessarily optimal purchasers of access and use riglts, because if they are productive users they do not themselves capture the full social value of their use. Their private willingness to pay reflects only the benefits that they expect to realize, not the spillovers realized by others. Accordingly, users' private willingness to pay understates the social value of their use. 16 Dynamically, this "demand manifestation" problem works its way upstream and biases allocation, design, 13. On spillovers, see Frischmann & Lemley, supra note 6. 14. For details, see Frischmann, supra note 4; supra note 6 and references therein. 15. 1 simply mean that failures arise on both the supply and demand sides of the infrastructure market. I am not referring to "two-sided" markets.
16. 1 generally refer to willingness to pay as the basic economic measure of an individual's preference and do not differentiate other measures, such as willingness to accept, except where relevant to the discussion. Note, however, that the basic demand-side problem of individuals not taking into account spillovers associated with their own productive use of an infrastructure resource also calls into question the accuracy of other measures.
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investment, management, and other supply-side decisions.
17 To society's detriment, this can lead to the undersupply of essential infrastructure to various producers of public and nonmarket goods, and it can lead to an optimization/prioritization of access and use of the infrastructure for a narrower range of uses than would be socially optimal.1 8 I addressed these issues in an earlier article with the following example:
[I]magine that you owned one of the Great Lakes. Further, imagine the difficulty in managing access to the lake, even assuming the costs of exclusion are low. In terms of appropriating maximum benefits (so as to maximize your own welfare, a key reason for granting [you ownership]), it should not be surprising that it would be much easier and more profitable to deal with a smaller number of large-scale commercial users rather than a much larger number of small-scale commercial and noncommercial users.
Difficulties in appropriation may be a function of transaction costs associated with dealing with a wide variety of different types of users. Such costs may relate to information acquisition and exchange, negotiation and enforcement of commitments, demand-side coordination and collective action problems, and other related costs. those that produce them, even though society as a whole may be better off if those potential externalities were actually produced.
19
Though this lake example focused on the problems faced by a hypothetical infrastructure owner seeking to maximize his or her own welfare, the underlying information problems are quite similar to those faced by a manager of a public resource.
2 0 As discussed in detail below in the context of environmental infrastructure, it is often quite difficult, if not impossible, to identify, understand, and assess the value of various downstream uses of infrastructure resources and thus to make decisions about how the resources should be managed. This difficulty is a common theme that connects infrastructure theory with the ecosystems literature. Both approach questions of valuation and management with an eye on systems, processes, goods, and services that are often taken for granted in market and other decisionmaking frameworks.
C. Managing Infrastructure Resources as Commons
To overcome these problems, society often manages infrastructure resources as commons, though not always and, as I will discuss below, in some cases not completely. Commons are a particular type of institutional arrangement for governing the use and disposition of resources. Their salient characteristic, which defines them in contradistinction to property, is that no single person has exclusive control over the use and disposition of any particular resource. Instead, resources governed by commons may be used or disposed of by anyone among some (more or less well defined) number of persons, under rules that may range from "anything goes" to quite crisply articulated formal rules that are effectively enforced.
Id. at 6.
23. This is why I often refer to "commons management." People sometimes consider "commons" to be resources; that conceptual move leads to both confusion with resources such as public goods, common pool resources, club goods, toll goods, and so on, and conflation among property/management regimes. Hess and Ostrom explain that "scholars learned that they had to make some key distinctions [Vol. 35:151 resource is open to members of a community (the public at large for most infrastructure) regardless .of their identity or intended use. Essentially, commons implement a nondiscrimination rule, at least with respect to community members. For commons where the relevant community is not the public at large, nondiscrimination may be the rule for community members but discrimination (exclusion) is the rule for nonmembers.
There are many ways in which a resource can be managed as a [F]our basic confusions .. .need to be untangled. The source of confusion relates to the differences between (1) the nature of the good (common-pool resources) and a property regime (common property regimes), (2) resource systems and the flow of resource units, (3) common property and open-access regimes, and (4) the set of property rights involved in "ownership." All four sources of confusion reduce clarity in-assigning meaning to terms and retard theoretical and empirical progress. Id. at 118-19. Hess and Ostrom then untangle these issues. See id. As explained below, however, I abstract somewhat from the property-focused analysis reflected in (1) 89, 93 (2003) (discussing the traditional Roman categories of nonexclusive property, one of which, res communes, was incapable of exclusive appropriation due to its inherent character). For example, for most of the earth's history, the oceans and the atmosphere were natural commons because exercising dominion over such resources was beyond the ability of human beings or simply unnecessary because there was no indication of scarcity. focus on a particular institutional function (nondiscriminatory access for the relevant community). Tying form and function together obscures the fact that access can be provided for or restricted by a variety of institutional forms, which are often mixed (property and regulation, private and communal property, etc.), and not necessarily through one particular form. In other work, I demonstrate that environmental, information, and Internet commons are sustained through very different sets of institutional arrangements. In Part II.C below, I briefly touch on this point and tentatively explore the concept of regulatory semicommons.
The general values of commons management are that it maintains openness, does not discriminate among users or uses of the resource, and eliminates the need to obtain approval or a license to use the resource. Generally, managing infrastructure resources as a commons alleviates the need to rely on infrastructure managers (whether private owners or public officials) to make decisions about the types of users or uses (or downstream markets) that are worthy of priority. As noted in the previous section, demand manifestation problems may distort market allocation, as well as government management, of infrastructure access and use to society's detriment.
As mentioned above, the demand manifestation and valuation problem may be at its worst when infrastructures are used to produce public and nonmarket goods that yield social benefits not easily accounted for in economic decisionmaking. Still, pointing out the existence of spillovers from the production of public and nonmarket goods is not in itself sufficient to explain the role of commons management. To the extent that such goods are undersupplied to society, there is a much simpler solution: the government may direct subsidies to public and nonmarket goods producers. Why manage the infrastructure upon which those producers depend as a commons? The short answer is that managing infrastructure as a commons kills two birds with one stone:
Economists recognize that there is a case for subsidizing public and nonmarket goods producers because such goods are undersupplied by the market. The effectiveness of directly subsidizing such producers will vary, however, based on the capacity for subsidy mechanisms to identify and direct funds to worthy recipients. In some cases, open access to the infrastructure may be a more effective-albeit blunt-means for supporting such activities than targeted subsidies. Open access is not necessarily a subsidy, but it eliminates the need to rely on either the market or the government to "pick winners" or uses worthy of access. On one hand, the market picks winners according to the amount of appropriable value generated by outputs and consequently output producers' willingness to pay for access to the infrastructure. On the other hand, to subsidize production of public goods or nonmarket goods downstream, the government needs to pick winners by assessing social demand for such goods based on the social value they create. . 
I1. ENVIRONMENTAL INFRASTRUCTURE
Infrastructure theory provides a framework for understanding how to value, and for evaluating how to manage, certain resources. 27 Focusing attention on those foundational environmental resources that serve as essential infrastructure highlights the complexity and fragility of our relationship to the environment and at the same time aims to take a crucial step forward in understanding the dynamic nature of that relationship. 27. The theory may be useful for articulating and evaluating management strategies and engaging in comparative institutional analysis. In particular, the theory suggests the need to evaluate the case for constructing sustainable semicommons-complex institutional arrangements that sustain commons for certain groups of uses/users while regulating access and use of the infrastructural resource for other groups of uses/users. I briefly touch on these ideas below but cannot fully explore them in this Essay.
28 
A. Valuing and Managing the Environmental Resources
Valuing and managing environmental resources is extremely difficult. We tend to take for granted the environment within which we live; our own preferences and values fail to appreciate the complex interdependencies between ourselves, our environment, and others. Consequently, our decisions about how to manage our own interactions with the environment are not likely to be social welfare maximizing. 33 It persistently contributes to our well-being, but most often it does so only indirectly. 34 We rarely pay directly for its benefits, and so when it comes down to individual preferences or valuationBanzhaf, What are Ecosystem Services? The Need for Standardized Environmental Accounting Units, 63 ECOLOGICAL ECON. 2 (2007) (arguing for "consistently defined units of account to measure the contributions of nature to human welfare" with the goal of "comparability with the definition of conventional goods and services found in GDP and the other national accounts"); Brown et al., supra, at 350 ("Based on a review of the literature, de Groot et al. tabulated the methods that have been used to value different ecosystem goods and services. The overall impression from their survey is that the production function approach has typically been used to value ecosystem goods and the replacement cost method has typically been used to value ecosystem services. The nonmarket approaches, about which so much has been written, have typically found application for just a few of the ecosystem goods and services."). 3 1. A recent survey of ecosystem valuation studies concluded that most studies valued a single ecosystem function and failed to adopt a multifunction (or multiple-use) perspective. Valuing multiple uses is at the forefront within the ecosystem literature and multiple-use common pool resource literature. See Turner et al., supra note 30, at 493-510.
32. To forecast a bit for readers familiar with those literatures, I tentatively conclude that infrastructure theory fits neatly within those literatures, i.e., does not represent a significant departure, and also connects those literatures with valuation and management questions faced by other infrastructure resources. These may be issues worth exploring in more detail in the future. for example, preferences measured in terms of willingness to pay or revealed through our actions-it should not be surprising that we persistently undervalue the environment, in terms of its contributions to our own well-being (and putting aside notions of intrinsic value).
3 1
One reason we undervalue the environment is that it is hard to understand; it is complex and involves many different sets of interdependent resource systems. Until recently (i.e., the past half-century), we haven't had to pay much attention or seek to better understand our interactions and interdependencies with the environment But that has changed; we no longer have the luxury of abundance or ignorance. Environmental problems that have arisen with industrialization and population expansion, and increased use of the environment for recreational purposes, have drawn public attention to the environment.
Environmental science has vastly improved in the past century (as it must continue to do), and to some degree, this has improved our appreciation of environmental systems. However, environmental science is not enough to solve environmental valuation and management problems. While improvements in science improve our capability to understand and value the environment, science can only get us so far given the complexities involved.
Ordinary Protecting the environment usually involves active employment of capital, labor, and other scarce resources. Using these resources to protect the environment means they are not available to be used for other purposes. Hence, the economic concept of the value or benefit of environmental goods and services is couched in terms of society's willingness to make inevitable tradeoffs and consequent need for marginal valuation, we should not pretend that such proxies accurately capture the full social value humans derive from environmental resources.
B. Delineating Environmental Infrastructure
Applying infrastructure theory to environmental resources delineates a class of environmental resources that create benefits for society primarily through the facilitation of a wide range of uses (user activities and natural processes), many of which generate positive externalities. Oceans and lakes, forests, and the atmosphere are a few examples of environmental infrastructure.
50 These resources play a foundational role in cumulative, dynamic, and complex systems-both natural and human systems-that remains underappreciated and understudied.
51
Each of the above resources satisfies the first infrastructure criterion, in that each is at least partially (non)rivalrously consumed when used. Recall that the first infrastructure criterion focuses attention on the "sharability" of the resource and degree of rivalry among users and uses. Environmental infrastructures, in contrast with intellectual resources like ideas, are not purely nonrivalrous. That is, for most environmental infrastructures, at some point(s), consumption of the resource by one user will impose costs on other users and potentially diminish the resource's capacity to support other users. 5 2 At the same time, in contrast with some nonrenewable natural resources such as oil, environmental infrastructures generally are not purely rivalrous in consumption, such that consumption by one user necessarily diminishes the capacity of the resource to support other users. Environmental infrastructures are partially (non)rival, meaning that the resources have finite, potentially trade-offs between competing uses of limited resources, and in terms of aggregating over individuals' willingness to make these trade-offs. Revesz & Stavins, supra note 2, at 9. 50. Pete Morton described "wildland ecosystems" in infrastructural terms: Wildland ecosystems represent natural capital capable of producing a wide range of goods and services for society. Some of these outputs, such as timber, are freely exchanged in formal markets. Value is determined in these markets through exchange and quantified in terms of price. However, many other outputs, watershed protection, carbon storage, scenic beauty, trophy caliber wildlife, and native fish for example, contribute to our quality of life, but are without formal markets and therefore without prices. Although highly valued by society, the benefits of nonmarket goods and services are typically underestimated in production and consumption decisions-i.e., underproduced by private markets.
Morton, supra note 40 (internal citations omitted). 51. As J.B. Ruhl describes, various disciplines study these systems and are developing improved interdisciplinary approaches to understanding the complex, dynamic relationships among these systems. See RUHL ET AL., supra note 41. 52. Id. at 64-65 (describing risk of congestion); id. at 52 (describing a "threshold of irreversibility" and noting that "once thresholds are crossed, it can take enormous spans of time to rebuild natural capital through ecological processes"). Concerns about renewal rates, reversibility, and sustainability, which are prevalent in environmental scholarship but largely absent from the other literatures upon which I draw, highlight another important dimension along which the degree and rate of rivalry may vary: time. That is, we can frame the 53. Realizing these potentials requires management. Unfortunately, there is substantial evidence of unsustainable degradation of many environmental resources that amounts to a "persistent decrease in the capacity" of ecosystems to deliver services. See MILLENNIUM ECOSYSTEM ASSESSMENT, supra note 34, at 1-2, 39-48. "Human use of all ecosystem services is growing rapidly. Approximately 60% (15 out of 24) of the ecosystem services evaluated in this assessment (including 70% of regulating and cultural services) are being degraded or used unsustainably." Id. at 39.
54. Frischmann, supra note 4, at 952. 55. Erik Bluemel raises an interesting issue concerning congestion and nonlinearity of externalities: "Take, for example, driving and C02 emissions. Existing scientific literature suggests that once a certain threshold level of C02 is emitted into the atmosphere, warming will be non-linear, selfperpetuating, and unstoppable, even if day-to-day traffic congestion is eliminated. The use of the infrastructure resource itself might not be rivalrous, but the externalities can create potentially rivalrous outcomes." E-mail from Erik Bluemel, Assistant Professor of Law, Univ. of Denver Sturm Coll. of Law (Dec. 29, 2007 ) (on file with author); see also MILLENNIUM ECOSYSTEM ASSESSMENT, supra note 34, at I (" [T] here is established but incomplete evidence that changes being made in ecosystems are increasing the likelihood of nonlinear changes in ecosystems (including accelerating, abrupt, and potentially irreversible changes) that have important consequences for human well-being. Examples of such changes include disease emergence, abrupt alterations in water quality, the creation of "dead zones" in coastal waters, the collapse of fisheries, and shifts in regional climate."). On "accounting for cumulative impacts across nonlihear scale domains" in spatial and temporal models, see RUHL ET AL., supra note 41, at 53-56. For a discussion of how the nonlinearity of externalities may depend upon different forms of spatial and temporal differentiation among environmental degradations, see Jonathan Remy Nash, Trading Species: A New Direction for Habitat Trading Programs, 32 COLUM. J. ENvTL. L. 1, 13-19 (2007) . For a discussion of how nonlinearities may call for spreading a pollutant around or trying to isolate it in relatively few locations, see Jonathan Remy Nash & Richard L. Revesz, Markets and Geography: Designing Marketable Permit Schemes to Control Local and Regional Pollutants, 28 ECOLOGY L.Q. 569, 577-80 (2001). valuation and management problems in a manner that takes into account the degree and rate of rivalry among users and uses across time (generations).
6
The partially (non)rival nature of environmental infrastructure is only part of the puzzle, in a sense, highlighting the relative costs of supplying infrastructure to different profiles of users. The second and third infrastructure criteria focus attention on the manner in which environmental infrastructure generate value for society, and, in particular, on the diversity and nature of outputs (private, public, and nonmarket goods). 57 The social value of environmental infrastructure ultimately derives from infrastructure-dependent human and natural systems that directly and indirectly contribute to human well-being in a wide variety of different ways. 58 In the remainder of this section, I briefly explore categories of uses to show how the second and third infrastructure criteria apply. I then explore the concept of a "nonhuman" user.
An advantage of the infrastructure lens is that it differentiates the infrastructural asset from the users that depend upon the asset as well as the outputs those users produce. In his book, The Measurement of Environmental and Resource Values: Theory and Methods, 59 A. Myrick Freeman III explains that environmental and resource "service flows" may be classified according to the "economic channel through which human well-being is affected" (market system or nonmarket system) and whether the flow affects humans directly, indirectly through impacts on other living organisms, or indirectly through impacts on inanimate systems. This is a helpful way to differentiate among infrastructure uses and resulting service flows (outputs):
60 we can adapt the classification to differentiate between market, direct nonmarket, and indirect nonmarket uses. This classification system remains incomplete, however, because it focuses mainly on the means of supplying services without paying 56. Though important and quite interesting, exploring intergenerational issues is beyond the scope of this Essay. See infra note 79.
57. Although infrastructure theory focuses on "productive activities" engaged in by "users" to generate "outputs"-terminology not ordinarily found in environmental scholarship--the functional structure of the theory maps quite well to environmental scholarship.
58. Some partially nonrival environmental assets are special purpose or only support a narrow range of uses, and thus would not constitute infrastructure within the meaning of this theory. For example, a fishery would not in itself constitute infrastructure. Even though it is sharable (partially nonrival), it is primarily used commercially for harvesting fish, naturally as part of an ecosystem, and perhaps noncommercially for recreational fishing. While important and worthy of attention, the fishery does not support a wide range of different activities and thus would not be infrastructural. The same probably could be said for (many) individual species. Both fisheries and individual species, however, may be important components of a networked infrastructure (biodiversity; ecosystem). It should be clear that, on one hand, environmental infrastructures are a subset of environmental resources, and yet on the other, environmental resources outside of the infrastructure subset may combine with others to constitute infrastructure. 59 . A. MYRICK FREEMAN I1l, THE MEASUREMENT OF ENVIRONMENTAL AND RESOURCE VALUES: THEORY AND METHODS 12-13 (2d ed. 2003) .
60. I acknowledge that I am conflating distinctions between products and processes, goods and services, things and flows, and so on.
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We can bring Freeman's classification together with infrastructure theory by differentiating among uses based on (1) whether they are consumptive or productive, and (2) whether the outputs (goods or services) produced can be expected to yield positive or negative externalities (due to the character of the output or its joint products).
6 2 Just as the degree and rate of rivalry varies across uses, so does the degree and rate of positive and negative externalities. It is worth noting that some externalities are due to interdependencies among infrastructure users (intra-use) or different user groups (inter-use) and other externalities are due to interdependencies between an infrastructure user and nonuser, such that the external benefit (cost) is unrelated to use of the infrastructure by the beneficiary. 63 Finally, and related to the last point, it is also necessary to consider the degree to which streams of external benefits and costs associated with user activities are (un)known, (un)observable, or (un)foreseeable and whether the activities have any feedback effects on the system.
a) Market Uses: Source and Sink for Commercial Users; Transport
Environmental infrastructures support a variety of commercial activities. For example, users extract food, fuel-wood, fiber, biochemicals, genetic resources, fresh water, and other resources; release waste products for dilution and assimilation; and use environmental infrastructure as transportation infrastructure. The goods and services derived from these activities are bought and sold in markets and the benefits derived from them are largely captured in market transactions. In other words, the degree and rate of positive externalities may be insignificant. Many joint products (or byproducts) of these activities can produce negative externalities due to rivalry with other uses of the environmental infrastructure (e.g., resource extraction may displace or lessen the attractiveness of various recreational opportunities), collateral effects on 61. 1 do not mean to critique this approach because it is influenced by the economists' focus on valuation methods that rely one way or another on individual preferences (whether directly or indirectly impacted). See FREEMAN, supra note 59, at 12-13. Freeman explains that there are many different ways to classify environmental and resource flows. See id.
62. 1 have also differentiated outputs as private, public, and nonmarket goods, and also at times, as network goods.
63. Negative externalities are often congestion-related. That is, a polluter may fail to account for the costs imposed on swimmers or fishers; this is an inter-use negative externality derived from competing or incompatible uses of the lake. An intra-use externality would occur, for example, where a fisherman harvested too many fish from a lake without regard for the impact on other local fishermen. In other scenarios, however, the negative externality may not be due to such effects but may instead be a cost not associated with infrastructure use (say, a health cost). Positive externalities may be due to network or community effects where interdependencies among infrastructure users (or different user groups) provide a mechanism for beneficial flows; positive externalities may also be due to outputs unrelated to infrastructure use (say, a health benefit).
neighboring communities (e.g., pollution associated with resource extraction may have negative health effects on communities), and depletion of the resource in an unsustainable manner (e.g., resource extraction at a rate that exceeds renewal rate).
b) Direct Nonmarket Uses: Source and Sink for Noncommercial Users; Recreation
Environmental infrastructures also support a variety of noncommercial activities. Of course, the use of the environment as source of raw materials and sink for waste products is often noncommercial and not accounted for in market systems. For example, emission of carbon dioxide by a wide variety of household and individual activities uses the atmosphere freely and without restriction. In fact, many day-to-day human activities use environmental infrastructure without mediation by the market system. Some of these activities have the potential to generate (small scale) externalities, both positive and negative, but perhaps mostly negative. 64 Driving is an obvious example. It is worth discussing a category of noncommercial uses that have grown tremendously in popularity and developed cultural significance over the past century: recreational activities. Environmental infrastructures support a variety of recreational uses, including swimming, fishing, boating, camping, hiking, running, biking, sightseeing, and so on. The value derived by recreational users generally depends upon various characteristics of the environmental resource, such as the air or water quality, that in turn depend upon other uses. Thus, recreational uses tend to be potentially rival with other uses, particularly commercial uses that introduce waste (pollution) or extract resources (e.g., timber, minerals, wildlife).
6 5 Access to the infrastructure for recreational use is generally nondiscriminatory such that "access is typically open to all comers at a zero price or a nominal entrance fee that bears no relationship to the cost of providing access." 66 Economists tend to see recreational uses as consumptive such that willingness to pay is an accurate assessment of value derived from 64. See Richard J. Lazarus, Human Nature, the Laws of Nature, and the Nature of Environmental Law, 24 VA. ENVTL. L.J. 231, 234-35 (2005) . Most everyday activities are consumptive, such that the bulk of the value from using the environmental infrastructure is captured by the particular user and does not generate benefits for others. Yet, as global warming demonstrates, many of these activities may generate small-scale negative externalities that aggregate into a significant cumulative effect. See id. at 236.
65. Recreational uses tend to be weakly rivalrous with other recreational uses but strongly rivalrous with commercial uses. In some cases, recreational uses can also be strongly rivalrous with other noncommercial uses, such as spiritual uses. 6 7 Thus, although access generally is not allocated via the market system, some economists have argued that it should be.
68
For purposes of this argument, recreational activities should be distinguished from many day-to-day activities that use the environment for a few reasons. First, demand for recreational activities is comparatively elastic. Second, recreational activities are often tied directly to a particular environmental infrastructure resource (e.g., lake or woodland). Third, recreational users are often engaged directly with their setting and are aware of the connection with the environment. Finally, recreational activities are more easily privatized and allocated through the market mechanism (and regulated) than many of the day-to-day activities. Thus, when it comes to resource management, recreational uses are more easily seen as "available" to tradeoff with other uses.
It might be worth exploring whether recreational uses of environmental infrastructure generate (small-scale) spillovers. It seems reasonable to view recreational uses as primarily consumptive but partially productive of the following: health, community, and environmental appreciation. Recreational activities, such as swimming and hiking, promote good health, and that has some positive spillovers (as do other forms of exercise). Recreational activities also promote community values and support social networks, and that also may have some beneficial spillovers (as do other activities).
69 Perhaps most importantly, participating in recreational activities that depend upon environmental infrastructure-that derive value from the specific connection to the environmental setting-may provide the experience, context, and connection necessary to appreciate and value the environment; such learning may have significant external effects if it impacts individuals' behavior and (gradually) influences culture and public policy.
c) Indirect Nonmarket Uses: Supporting Ecosystems and Ecosystem Services; Sustaining Natural Infrastructure for Future Generations
Environmental infrastructures support an incredible diversity of life (users) and a wide variety of natural processes (uses) that provide incalculable value to human beings. An especially important set of uses, which may be classified as indirect nonmarket uses, includes a wide variety of ecosystem services, such as flood prevention, pest control, water purification, and climate 67. Id. at 418. 68. MILTON FRIEDMAN, CAPITALISM AND FREEDOM (1962) (arguing that there were no externalities associated with using national parks and thus owners should be able to capture the full economic value of uses through admissions fees) (cited in FREEMAN, supra note 59, at 249).
69. 71, 101-03 (2006) (drawing a connection between infrastructure, recreation, and these types of benefits in light of Carol Rose's work); Rose, supra note 8, at 713-14, 779-81. control, to name just a few. 70 These services provide tremendous value to humans yet often indirectly and not through the agency of human users. The ecosystem services literature has developed a number of quite refined typologies to differentiate among ecosystem services.
7 1 For example, J.B. Ruhl has emphasized the importance of distinguishing between provisioning and regulating services: 72 Provisioning services, such as pollination, that support the human production of food and fiber commodities are used indirectly by humans and thus the value of such services is embedded in the commodities' value. 73 Regulating services, such as storm surge mitigation, gas regulation, groundwater recharge, and thermal regulation, are used directly by human beings, meaning that there is no intermediate step or conversion to another form of good or service and thus the value of such services is not embodied in marketable commodities. 74 Both categories of ecosystem services give rise to complex valuation problems. Ruhl observes that "[f]rom the perspective of formulating economic and regulatory policies for managing ecosystem services, this distinction between direct and indirect use will be of utmost importance, because it reflects the human perception of the service use values." 75 This last category of uses is perhaps the most difficult to conceptualize. In earlier work, I suggested that one way to think about ecosystem services was to imagine a nonhuman user of the environmental infrastructure that produced ecosystem services. Such a user would not have "preferences" measured in terms of willingness to pay (or some other measure), would not be able to participate in market or political systems, and would be difficult to account for in policymaking discussions. 76 In a sense, my imagined user was already incorporated into the notion of an "ecosystem," which is defined as the complex system of living communities (plant, animal, and microorganisms) and nonliving environmental resources that interact as a unit. 77 In essence, "ecosystem" brings together environmental infrastructure and users within a system but expands the notion of users beyond humans to encompass all organisms. REV. 941, 987-1016 REV. 941, 987- (1999 .
80. Infrastructure theory relies on functional economic concepts that are useful in understanding relationships among people, resources, and institutions. But ultimately, economics does not provide definitive answers to the difficult social questions of infrastructure policy. What type of environment we live in and how we structure relationships within that environment involves complex tradeoffs among values that often transcend economics. Nonetheless, economics does help frame the tradeoffs and thus the questions we need to ask ourselves. Sustaining environmental infrastructure for current and future generations of human and nonhuman users can be understood in terms of social welfare economics,
C. Managing Environmental Infrastructure
Managing environmental infrastructure is extremely difficult. The resources play a critical foundational role in supporting complex human and natural systems. Most importantly, these resources support life and the basic needs of present and future generations. Managing environmental infrastructure in a sustainable manner to support these overarching needs is essential. Still, this priority leaves a series of unavoidable tradeoffs to manage. As the last section showed, resource management requires, among other things, consideration of the following functional economic variables that describe the relationship between infrastructure resource and the systems it supports: 8 1 " Degrees and Rates of Rivalry Among Uses * Relevant resource characteristics * Interdependence among uses * Path dependence and reversibility " Nature of Outputs from Uses * Private, public, and nonmarket goods * Rate and degree of externalities • Degree to which observable, known, and foreseeable " Nature of infrastructure user / output producer * Market actor * Nonmarket, human * Nonmarket, nonhuman Of course, this is only the first step toward framing the resource management problem. Sustaining environmental infrastructure poses challenges for policymakers in terms of (1) reconciling competing values; (2) dealing with uncertainty, cognitive biases, and a variety of other decision making dilemmas; and (3) institutional design.
82
Infrastructure theory also provides a useful analytical tool for articulating and evaluating the case for managing certain infrastructure as commons. Despite the powerful lessons taught by the tragedy of the commons story, the fact that environmental infrastructures are congestible does not mean that the resources are doomed to either tragic depletion or to centralized micromanagement of each and every use. Yet the partially (non)rival nature of environmental infrastructures suggest that pure commons is not sustainable because it risks congestion and depletion.
In practice, the dominant approach in the environmental area is a mixed strategy that regulates some uses and sustains a commons for others. In essence, environmental infrastructure resources are often sustained through although incorporation of the contributions of nonhumans and the welfare of future generations may be theoretically difficult and empirically impossible.
81. Essentially, these variables are inputs to evaluating scenarios and formulating welfare analysis.
82. These complexities are beyond the scope of this Essay.
[Vol. semicommons: But it is worth noting that often we regulate fields of use that are strongly rivalrous with each other and many other activities-and thus are likely to give rise to congestion, surpass renewal rates, or risk depletion-and which also may be less spillover intensive (i.e., the users observe and capture much of the value associated with their use). By managing these uses, we sustain commons for a wide variety of other uses that often are nonrivalrous (or only weakly rivalrous) and may be more spillover intensive (as well as for those users not well represented in current market or political systems).
D. Multiple-use Management and Ecosystems
The concept of environmental infrastructure seems to fit well within existing environmental scholarship. Specifically, it appears to complement bodies of work on (1) multiple-use management (MUM) strategies for public lands and forests, and (2) shared but coordinated use versus dedicated use (e.g., to one or the other of two rival uses). In managing a forest unit, for example, one would compare the net benefits of joint production of timber and recreational amenities with the net benefits of dedicating the unit to a "dominant use" (timber production or recreation).
87 MUM does not directly incorporate ecosystems services as a set of "uses" within the multiple-use framework.
88
The ecosystems literature, on the other hand, brings together resource management perspectives in economics, ecology, and other related fields and takes a more holistic view of systems of nonliving environmental resources and the living resources that support and are supported by the environment. 89 Working from the premise that tradeoffs are inevitable, the literature reflects a concerted effort to improve economic valuation methods in order to improve decisionmaking processes and regulatory frameworks. Yet due to complex interactions between ecosystems, between ecosystems and services, and between services themselves, economic valuation of ecosystems and the wide variety of services they provide are bound to be incomplete and inaccurate.
90
This has led some scholars to argue forcefully that reliance on necessarily incomplete valuations may make matters worse. 91 Difficulties of scale, jurisdiction, and fractured regulatory regimes present significant challenges for existing ecosystem management and governance regimes. One federal commission recently called for a more holistic form of governance; one that is "effective, participatory, and well coordinated among government agencies, the private sector, and the public."
92 Emerging management perspectives recognize the limitations of traditional rule-based regulation, leading a push towards a more integrated (holistic) regime:
This new style of "post-sovereign" governance is discernible in both domestic and transboundary contexts in places like the Chesapeake Bay, Florida's Everglades, the Baltic Sea, and to some degree, the Great Lakes. In general, these governance arrangements are characterized by a "placebased" focus on a particular ecosystem or hydrologically defined basin, and they are attentive to the specific features of the local environmental and ecological context. They emphasize integrated management of multiple resources and stressors comprising the local ecological context. In turn, this demands high levels of interagency, intergovernmental, and public-private collaboration; and a pooling of the information, expertise, and capacities of -a variety of national, subnational, and non-state actors. This blending of competencies then leads to a subtle blurring of the usual distinctions between state and non-state, sovereign and subject, as non-state partiesincluding environmental nongovernmental organizations (NGOs), independent scientists, industry groups, sub-national governments, and sometimes ordinary citizens-join together with state agencies as collaborators, co-authors," and co-implementers of environmental and natural resources management policy.
93
There are a number of potential affinities between MUM and ecosystems approaches on one hand and infrastructure theory on the other. All three approaches explore from a functional perspective how social value is generated in complex social-ecological systems, and how across many different systems we fail to appreciate or simply massively discount values that are difficult to 209, 226 (2006) . Bradley Karkkainen lays out ten characteristics that would embody such an approach:
(1) a high level of interagency, intergovernmental, and public-private information-pooling, collaboration, and coordination; (2) integrated databases, common monitoring protocols, and joint ecosystem modeling; (3) a peak coordinating body; (4) a set of functionally defined committees, subcommittees, or working groups; (5) central staff support; (6) a coordinated program of communications, public education, and outreach; (7) nested scales of governance; (8) specific goals, targets, and timetables at all levels; (9) an iterative and adaptive management approach; and (10) genuine integration across issue areas and mission-specific agency responsibilities.
Id. at 227-28.
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ECOLOGY LAW QUARTERLY observe, measure, and capture in markets. It is not that the existence of these values is doubted. It is the magnitude, persistence, comparative weight, and distribution that is underappreciated. All three approaches aim to develop an improved appreciation of these values by seeking to identify, understand, and better account for the complex interactions and dependencies in socialecological systems.
But let me be perfectly clear that my claim is not that infrastructure theory challenges or supplants these literatures. At this stage of research, I would offer a more modest claim: the MUM and ecosystem literatures highlight an important context in which the infrastructure theory seems to apply rather well. This suggests another modest claim: these environmental literatures may have some important lessons for other resource contexts where the infrastructure theory applies, such as communications and information policy. This is a topic I take up elsewhere. 94 Finally, I should note that I do suspect that there are some important lessons from infrastructure theory for the environmental literatures. Whether those lessons concern the limits of valuation techniques based on willingness to pay (or another measure of existing preferences) or the construction of regulatory semicommons remains to be seen. As this Essay is meant to provoke further exploration of how infrastructure theory might or might not apply, I leave such issues for future work.
CONCLUSION
My goal has been to introduce some ideas and stimulate a discussion. The excellent essays collected in this volume begin to explore some of the ways in which infrastructure theory might apply in the environmental context as well as some of the obstacles.
